ABSTRACT A conventional multiway Wilkinson power divider must include transmission lines with a quarter of the wavelength. The prior miniaturized versions can further shorten the quarter-wave lines by adopting synthesized transmission lines, but the resulted shrunk operation bandwidth has not been considered as part of design. This paper introduces a method of designing the proposed length-saving multiway power divider to achieve targeted bandwidth performance with the minimum required total length. The proposed multiway power divider, including transmission lines with flexible lengths and additional matching capacitors, has the adjustable total length that can be set to the optimum value according to the generated plot mapping the corresponding bandwidths to the selected total lengths. The background principle, the theoretical analyses, and the design procedure of the proposed idea are addressed in detail. The design examples of the four-way, eight-way, and 32-way power dividers are provided. A 1-GHz eightway power divider prototype based on the proposed design method is fabricated. The measurements, decently matching with simulations and the theoretical prediction, show an expected 51% operation bandwidth with the total length reduced to 72% of the conventional value.
I. INTRODUCTION
Wireless transmitting/receiving systems including multiple antennas to increase a transmission rate and channel capacity have found many applications in the modern communications. These systems often require multiway power dividers to divide or combine microwave signals for the multiple antenna elements. One common method to realize a multiway power divider is to interconnect many twoway Wilkinson power dividers arranged in several cascaded stages [1] . A two-way Wilkinson power divider is first proposed by E. Wilkinson in 1960 . Plenty of research activities are still going nowadays for further improving performances of an original Wilkinson power divider. Many papers have discussed on design of two-way Wilkinson power dividers for larger bandwidths, multiple bands, smaller sizes, or easier layout structure [2] - [16] . These designed two-way power dividers can be used as building elements to make multiway power dividers [17] - [25] . In [17] - [25] , these multiway power dividers are based on a combination of individually optimized two-way elements. No optimization is considered for the entire multiway power dividers. Y. Xu and R. G. Bosisio propose an optimization method for designing multiway power dividers by using steppedimpedance transformers [26] , [27] . The optimization method considers the whole picture of multiway power dividers to achieve desired S 11 frequency responses. Xu's multiway power dividers adopt conventional two-way Wilkinson power dividers as building elements. Each Wilkinson power divider must have transmission lines with a quarter of a wavelength. Therefore, the total length of the whole multiway power divider must be exactly equal to several quarters of wavelengths. The total length is neither flexible nor optimized. The redundant length inevitably contributes to extra loss and an additional size.
The paper proposes a method of designing the proposed length-saving multiway power divider to achieve targeted bandwidth performance with the minimum required total length. The length-saving multiway power divider is based on interconnecting several modified two-way Wilkinson power dividers. The total length of a multiway power divider mentioned in the paper refers to the summed length of the transmission lines in all cascaded two-way power dividers along the signal path. The modified two-way Wilkinson power dividers have transmission lines with flexible lengths.
The total length of the proposed multiway power divider and lengths of each modified two-way power dividers are selected according to the given bandwidth specification.
Many miniaturization techniques can be used to shrink the sizes of power dividers [8] , [28] , [29] . They use lumped elements to replace distributed transmission lines so as to implement smaller circuits. The size reduction of the above miniaturization techniques comes from nature of the used components. The sacrificed bandwidth performance is usually the unavoidable disadvantage. In the proposed power divider, the total length is customized according to the bandwidth requirement. The size is reduced because the modified two-way power dividers have adjustable lengths and the shrunk circuit can be guaranteed to provide a sufficient operation bandwidth. The idea of this paper is clearly distinguished from the widely-used miniaturization techniques and has not been explicitly discussed in the prior literature.
The paper is organized as follows: Section II discusses on proposed four-way power dividers, including the theoretical analyses, the strategy of finding the best total length, and the equations of determining the parameter settings. Section III discusses on proposed eight-way power dividers. The structure of the content is similar to the structure of Section II. Section IV summarizes a general design guideline for designing the total length of proposed multiway power dividers. In Section V, a prototype of the proposed eight-way power divider is fabricated, and measured to validate the proposed approach. Section VI concludes the whole paper.
II. PROPOSED FOUR-WAY POWER DIVIDERS
The proposed four-way power divider is obtained by interconnecting three modified two-way Wilkinson power dividers arranged in two cascaded stages, as shown in Fig. 1 . The modified two-way Wilkinson power divider in the first stage is composed of two transmission lines with electrical length θ 1 and characteristic impedance Z 01 , an isolation resistor R 1 , and a matching capacitor C 1 . Each two-way power divider in the second stage is composed of two transmission lines with electrical length θ 2 and characteristic impedance Z 02 , an isolation resistor R 2 , and a matching capacitor C 2 . θ 1 and θ 2 are not necessarily 90 • in the proposed power dividers.
A. EVEN-MODE AND ODD-MODE ANALYSES
Even-mode and odd-mode signal excitations are used to analyze the proposed four-way power divider [30] . Basically, there are totally four modes that need to be considered: even-even mode, even-odd mode, odd-odd mode, and odd-even mode. Among the four modes, even-odd mode and odd-odd mode refer to the same schematic and hence only three different modes are analyzed here.
In the even-even mode, voltages at the same horizontal locations along the transmission lines in each stage of the power dividers are equal. The resistors and the capacitors, R 1 and C 1 , and R 2 and C 2 can be removed. The transmission lines with characteristic impedance Z 01 in the first stage can be decomposed into two transmission lines with characteristic impedance 2Z 01 . The schematic of the even-even mode becomes the circuit in Fig. 2a with the input source impedance modified to be 4Z 0 . Fig. 2a can be seen as an impedance transformer matching from Z 0 to 4Z 0 through two transmission lines and refers to the classic problem of impedance transformation using a stepped-impedance transformer. More discussions on matching of the even-even-mode circuit and the corresponding matching bandwidth will be included in Section II-B. In the even-odd mode or the odd-odd mode, the excitation between the output ports P2 and P3 (or P4 and P5) in Fig. 1 are differential, resulting in virtual ground in the middle axis, as shown in Fig. 2b . The resistor R 2 and the capacitor C 2 are divided into two identical parts in series, with the middle connection points virtually shorted to ground. The output port P2 in Fig. 2b is matched if (1) holds:
Equation (1) shows that the shorted transmission line is inductive and the matching capacitor C 2 is used to resonate out the shorted transmission line. R 2 represents the real part of the impedance Z eo and is equal to 2Z 0 according to (1) .
In the odd-even mode, the excitation of the first stage in Fig. 1 is odd mode and the excitation of the second stage is even mode. The four-way power divider can be modified to the schematic of Fig. 2c . When the output port P2 in Fig. 2c is matched, Z oe2 should be equal to Z 0 /2. Matching in the odd-even mode can be expressed by (2a) and (2b). If we assume that θ 1 , Z 01 , θ 2 , and Z 02 are already decided, the values of R 1 and C 1 are well determined by (2a) and (2b):
B. INPUT MATCHING OF FOUR-WAY POWER DIVIDERS
To achieve input matching in the proposed four-way power divider is equivalent to matching the input of the corresponding even-even mode circuit. The task of matching the even-even mode circuit is to perform impedance transformation from Z 0 to 4Z 0 by using a stepped-impedance transformer. A general expression of the input reflection coefficient of a stepped-impedance transformer is described in (3) .
where Γ is the total reflection coefficient at the input. N is the number of matching sections in the steppedimpedance transformer. Γ 0 , Γ 1 ,. . . Γ N are the reflection coefficients between the source and the 1 st matching section, between the 2 nd matching section and the 3 rd matching section, . . . . and between the N th matching section and the terminal port, respectively. θ 1 to θ N are the electrical lengths of the 1 st to the N th matching sections with respect to the center frequency, respectively. The input reflection coefficient Γ with different settings of Γ 0 − Γ N shows different frequency responses. The well-known setting of Γ 0 − Γ N following the Chebyshev polynomials provides the broadest matching bandwidth and is adopted in the design [30] . For the N-section Chebyshev stepped-impedance transformer, the electrical lengths of all matching sections are set equal to θ. Γ k is set the same as
Equation (3) can be re-written as (4a) and (4b) for the Chebyshev impedance transformer, and (4a) or (4b) should be equated to the Chebyshev frequency response (5) .
Γ m in (5) is the maximum in-band ripple level of the Chebyshev frequency response. T N (x) represents the Chebyshev polynomials following the recurrence formula
. θ m refers to the lowside frequency boundary of the bandwidth in the form of electrical length and follows the relationship
where f m is the low-side boundary frequency of the bandwidth and f 0 is the center frequency. It is the property of the Chebyshev impedance transformer that when the in-band ripple level Γ m and the number of matching sections N are decided, the fractional bandwidth f /f 0 of the Chebyshev impedance transformer is determined and can be obtained from (6) and (7).
Z L is the terminal impedance or the load impedance and Z s is the source impedance. In the circuit of Fig. 2a , the terminal impedance Z L is equal to Z 0 and the source impedance Z s is equal to 4Z 0 .
1) TWO-SECTION IMPEDANCE TRANSFORMERS WITH TWO MATCHING FREQUENCIES
The even-even mode circuit in Fig. 2a has two matching sections, which can result in two matching frequencies in the frequency response. First, consider the even-even mode circuit as a quarter-wave Chebyshev impedance transformer with the in-band ripple level |Γ m | = 0.1 (or −20 dB) and find the corresponding bandwidth, matching frequencies and the parameter settings. The low-side bandwidth boundary of the two-section Chebyshev impedance transformer θ m2 can be calculated by setting N = 2, |Γ m | = 0.1, Z L = Z 0 and Z s = 4Z 0 in (6) and has the value around 60 • . The fractional bandwidth is calculated to be 66.6% by substituting the value of θ m2 to θ m in (7) . Since θ m2 is derived from the approximate equation (3), the error between the approximate value and the actual value needs to be determined. The calculated fractional bandwidth, after compared with the actual bandwidth obtained from the simulation, is about 5% larger than the actual value. The values of Γ 0 − Γ 2 can be obtained by comparing (4a) with (5) , with N = 2, and with the secondorder Chebyshev polynomial T 2 (secθ m cosθ) shown in (8).
Γ 0 − Γ 2 are expressed in (9a) and (9b).
The characteristic impedance of the transmission lines in each section can be obtained from Γ 0 − Γ 2 by using (10) .
where Z N −1 and Z N are the impedances in two sides of the transition interface and Γ N is the reflection coefficient looking from the side of Z N −1 toward the side of Z N . Assume that the two matching frequencies of the twosection Chebyshev impedance transformer, f r1 and f r2 , are expressed in the form of electrical length, θ r01 and θ r02 , respectively. Obviously, θ r01 /90 • = f r1 /f 0 and θ r02 /90 • = f r2 /f 0 . θ r01 and θ r02 must follow the relationship of (11), stating that the input reflection is zero for θ = θ r01 or θ r02 , and have the expressions in (12a) and (12b).
Next, consider the scenario that the two-section impedance transformer is built on transmission lines with the length shorter than a quarter of the wavelength. Assume that the total electrical length of the two-section impedance transformer is θ t . The length is shortened by a factor 1/K 2,2 , where
The first number, 2, and the second number, 2, in the subscript of K 2,2 denote the number of sections in the impedance transformer and the number of matching frequencies in the frequency response, respectively. For a two-section Chebyshev impedance transformer with 1/K 2,2 shorter total length, it is expected that the overall frequency spectrum is shifted to a high frequency side by K 2,2 times. As a result, the low-side bandwidth boundary becomes K 2,2 times higher and is equal to θ m2 × K 2,2 . The fractional bandwidth of the two-section shortened Chebyshev impedance transformer can be therefore expressed in (13) .
Since the shortened Chebyshev impedance transformer can be seen as the original Chebyshev impedance transformer designed at a higher center frequency, the values of Γ 0 − Γ 2 and Z 01 − Z 03 for the shortened Chebyshev impedance transformer remain the same.
2) TWO-SECTION IMPEDANCE TRANSFORMERS WITH ONE MATCHING FREQUENCY
A two-section impedance transformer can also be designed to achieve one matching frequency. It will be shown later that the two-section impedance transformer with one matching frequency shows a larger matching bandwidth than that with two matching frequencies if the total length becomes shorter than some value. The two-section impedance transformer with one matching frequency is characterized based on the one-section quarterwave impedance transformer. Assume that the total electrical length of the two-section impedance transformer is θ t and is K 2,1 times longer than the quarter wavelength 90 • . K 2,1 is equal to θ t /90 • . Similar to the previous definition of K 2,2 , the first number, 2, in the subscript of K 2,1 means that the impedance transformer has ''two'' sections and the second number, 1, in the subscript of K 2,1 means that there is ''one'' matching frequency. Since the total length of the two-section impedance transformer is K 2,1 longer than the quarter-wave impedance transformer, it is expected that the bandwidth should become K 2,1 larger and is equal to 2K 2,1 × (90
, where θ m1 is the low-side bandwidth boundary of the quarter-wave impedance transformer. The fractional bandwidth of the two-section impedance transformer can be expressed in (14) .
The expression of θ m1 is well known to the field of microwave engineering and is shown in (15) [30] .
The two-section impedance transformer with one matching frequency can be seen as a special case of the Chebyshev impedance transformer having the in-band ripple level equal to zero. In other words, the input reflection coefficient Γ θ of the two-section impedance transformer with one matching frequency should equal to zero at the center frequency, where θ is the electrical length of each section of the impedance transformer measured at the center frequency. The magnitude of Γ θ can be expressed in (16) .
Besides, the input reflection coefficient for zero electrical length should be equal to Γ L , where Γ L is the reflection coefficient looking from the source impedance Z s to the load impedance Z L . The above statement can be expressed in (17) .
Γ 0 − Γ 2 of the two-section impedance transformer with one matching frequency can be obtained by solving (16) and (17) and are expressed in (18a) and (18b). Z 01 and Z 02 can be found accordingly using (10) . Fig. 3 plots the matching bandwidths of a two-section impedance transformer with the total electrical length changing from 90 • to 180 • . Curve I refers to the design of the two-section impedance transformer based on Chebyshev polynomials to achieve two matching frequencies. Curve II refers to the design of the two-section impedance transformer resulting in one matching frequency. It can be seen that the matching bandwidth of curve I is larger if the total length is between 138 • to 180 • , but the matching bandwidth of curve II becomes broader if the total length is shorter than 138 • . Mapping between the matching bandwidths and the total lengths of a two-section impedance transformer in Fig. 3 provides a guideline for designers to determine the total length of a four-way power divider according to the required input matching bandwidth. It is recommended in the paper that the total length of a power divider should be smartly selected so that the power divider can provide a sufficient matching bandwidth with the shortest required total length. In contrasts, a conventional four-way power divider where the total length is always 180 • would result in redundant length and therefore extra loss. Table 1 lists several examples of the obtained values of Z 01 and Z 02 , and the other design parameters for the proposed four-way power divider with the total length ranging from 90 • to 180 • as the design reference.
C. OUTPUT MATCHING AND ISOLATION OF FOUR-WAY POWER DIVIDERS
The discussion so far only focuses on design of the input matching bandwidth. The overall operation bandwidth of a multiway power divider should also consider bandwidths of output matching and output-port isolation. The overlapped range among the bandwidths of input matching, output matching and isolation determines the entire operation bandwidth. In a conventional Wilkinson power divider, the output matching bandwidth is much larger than the input matching bandwidth, but the bandwidths of the output-port isolation are originally narrow. It is recommend in [13] and [14] that an additional isolation network can be introduced in a power divider to extend the isolation bandwidth. The isolation network is a network including series or shunt inductors and capacitors, added to the original isolation resistors. In the proposed power divider, the isolation network containing two inductors L i and one capacitor C i in series is shown in Fig. 4 . After the isolation network is included, the isolation bandwidth is increased, while the S 11 bandwidth remains unchanged, since the isolation network does not change the schematic of the even-mode. Both the bandwidths of isolation and the output reflection coefficient will be kept larger than the S 11 bandwidth, making the S 11 bandwidth dominate the overall operation bandwidth. In most cases, the isolation bandwidths and the output matching bandwidths of a multiway power divider with a properly-designed isolation network can be larger than the S 11 bandwidth. The procedure of optimizing the operation bandwidth is therefore the procedure of optimizing the S 11 bandwidth. For the cases that the S 11 bandwidth is very large or a multiway power divider has many output ports, the isolation bandwidth may be narrower. However, an isolation network can still be used to significantly improve the isolation bandwidths.
D. DESIGN OF THE LENGTH-SAVING FOUR-WAY POWER DIVIDER
The proposed four-way power divider targeting an operation bandwidth of 200 MHz at 1 GHz is designed and simulated.
The total electrical length, θ 1 + θ 2 , is set to 110 • for the input matching bandwidth larger than 20% according to curve II in Fig. 3 . Both θ 1 and θ 2 are set equal to 55 • . Γ 0 and Γ 1 are calculated to be −0.18 and −0.26 using (9a) and (9b). The characteristic impedances of the two transmission line sections, 2Z 01 and Z 02 , can be obtained from Γ 0 and Γ 1 , respectively, using (10) . Then, Z 01 and Z 02 have values of 59 and 85 , respectively. The parameters R 1 , C 1 and R 2 , C 2 are obtained by solving (1) and (2) and they are: R 1 = 100 , C 1 = 1.7 pF, R 2 = 117 , and C 2 = 0.65 pF. The simulated S-parameters of the designed fourway power divider without the isolation network are plotted in Fig. 5a . Fig. 5a shows that the four-way power divider is well matched at both the input and the outputs and also well isolated at 1 GHz. The operation bandwidth is 200 MHz and is limited by the S 11 bandwidth. The S 23 bandwidth is just slightly larger than the S 11 bandwidth. Compared with the conventional four-way Wilkinson power divider which has the total electrical length of 180 • , the proposed four-way power divider saves 40% of total length. Fig. 5b shows the simulation results of the proposed four-way power divider with the added isolation networks like Fig. 4 . The values of the inductor L i and the capacitor C i in the isolation network are set to 4.8 nH and 2.6 pF, respectively, according to the method in [13] and [14] . After the isolation networks are included, the simulated isolation, S 23 , increases from 210 to 360 MHz. The S 11 bandwidth remains the same. Both S 22 and S 23 bandwidths are larger than the S 11 bandwidth. The S 11 bandwidth limits the operation bandwidth as expected.
III. PROPOSED EIGHT-WAY POWER DIVIDERS
The proposed eight-way power divider is composed of seven modified two-way Wilkinson power dividers arranged in three cascaded stages, as shown in Fig. 6 . Each modified twoway Wilkinson power divider comprises two transmission lines with flexible length, an isolation resistor and a matching capacitor. All the two-way power dividers in the same stage are identical. The isolation network described in Section II-C can be optionally added to any stage of two-way power dividers for broadening the isolation bandwidths. 
A. EVEN-MODE AND ODD-MODE ANALYSES
There are total eight different combinations of even and odd modes for the 3-stage eight-way power divider. The eveneven-even mode refers to the schematic shown in Fig. 7a . The even-even-odd mode, even-odd-odd mode, odd-even-odd mode, and odd-odd-odd mode, all represented by the eveneven-odd mode, are shown in Fig. 7b . The even-odd-even mode and odd-odd-even mode, both represented by evenodd-even mode, are shown in Fig. 7c . The odd-even-even mode is shown in Fig. 7d .
The circuit of the even-even-even mode looks like three series transmission lines with the input (left side) connected to the impedance 8Z 0 and the output (right side) connected to the impedance Z 0 . The first, second and third transmission lines have the characteristic impedances of 4Z 01 , 2Z 02 and Z 03 , respectively. In the even-even-odd mode, the combining nodes of the two-way power dividers in the third stage of Fig. 6 are virtually grounded. The resistor R 3 and the capacitors C 3 are divided into two identical parts in series, with the middle connection points virtually shorted to ground. The output port P2 of Fig. 7b is matched if (19) holds:
In the even-odd-even mode, the combining nodes of the twoway power dividers in the second stage in Fig. 6 are virtually grounded. The resistor R 2 and the capacitors C 2 are divided into two parts and virtually shorted to ground in the middle. The two transmission lines of each two-way power divider in the third stage are merged and the output load impedance is modified to Z 0 /2. The output port P2 of Fig. 7c is matched if (20a) and (20b) are satisfied:
In the odd-even-even mode, the middle axis of the two-way power divider in the first stage of Fig. 6 is virtually grounded. The two transmission lines of each two-way power divider in the second stage are merged and form the transmission line with characteristic impedance Z 02 /2, as shown in Fig. 7d . The four transmission lines from two neighboring two-way power dividers in the third stage of Fig. 6 are combined and form the transmission line with characteristic impedance Z 01 /4. The load impedance becomes Z 0 /4. Equations (21a) to (21c) are used to determine the values of R 1 and C 1 :
B. INPUT MATCHING OF EIGHT-WAY POWER DIVIDERS 1) THREE-SECTION IMPEDANCE TRANSFORMERS WITH THREE MATCHING FREQUENCIES
The input matching bandwidth of the proposed eight-way power divider can be obtained by analyzing the circuit of the even-even-even mode shown in Fig. 7a . The circuit of eveneven-even mode is a three-section impedance transformer matching from the impedance Z 0 to the impedance 8Z 0 . Similar to the analyses in Section II-B, the three-section impedance transformer can be designed to achieve three matching frequencies, two matching frequencies or even one matching frequency. The three-section impedance transformer with three matching frequencies is designed to achieve the Chebyshev frequency response with an in-band ripple level Γ m for obtaining the broadest matching bandwidth. Assume that the in-band ripple level |Γ m | is 0.1 (or -20 dB). The low-side bandwidth boundary of the three-section Chebyshev impedance transformer θ m3 can be calculated by setting N = 3, |Γ m | = 0.1, Z L = Z 0 and Z s = 8Z 0 in (6) . θ m3 has the value around 50 • . The fractional bandwidth can be obtained by substituting the value of θ m3 in (7) and is 89%. The calculated fractional bandwidth, based on the approximate equations, is about 7% larger than the actual value. The input reflection coefficient Γ (θ ) of the threesection Chebyshev impedance transformer with the length of each section equal to θ is expressed in (22) .
Γ (θ ) should follow the relationship of (5) with the third-order Chebyshev polynomial T 3 (secθ m cosθ ) expressed in (23) . The values of Γ 0 − Γ 3 can be obtained by comparing (5), (22) and (23), and are expressed in (24a) and (24b)
Assume the total length of the three-section Chebyshev impedance transformer is θ t and is shorter than the total length of the three-section quarter-wave transformer by a factor 1/K 3,3 . K 3,3 is then equal to (3 × 90 • )/θ t . The first number, 3, and the second number, 3, in the subscript of K 3,3 denote the number of sections in the impedance transformer and the number of matching frequencies in the frequency response, respectively. The low-side bandwidth boundary of the shortened Chebyshev impedance transformer with the total length θ t becomes K 3,3 times higher than the that of the three-section quarter-wave Chebyshev impedance transformer, θ m3 , and is equal to θ m3 × K 3,3 . The fractional bandwidth therefore becomes:
Since the shortened Chebyshev impedance transformer is equivalent to the original Chebyshev impedance transformer designed at a higher center frequency, the setting of Γ 0 − Γ 3 is the same as the expressions in (24a) and (24b). The values of Z 01 − Z 03 can be calculated from Γ 0 − Γ 3 by using (10).
2) THREE-SECTION IMPEDANCE TRANSFORMERS WITH TWO MATCHING FREQUENCIES
The bandwidth of the three-section impedance transformer with two matching frequencies can be calculated based on the bandwidth of the two-section quarter-wave Chebyshev impedance transformer. Assume that the total length of the three-section impedance transformer is K 3,2 longer than the two-section quarter-wave Chebyshev impedance transformer. The bandwidth of the three-section impedance transformer will become K 3,2 larger than that of the two-section quarterwave Chebyshev impedance transformer. The fractional bandwidth of the three-section impedance transformer can be obtained from (26) below, where θ m2 is the low-side bandwidth boundary of the two-section quarter-wave Chebyshev impedance transformer and can be obtained from (6) .
The two matching frequencies of the two-section quarterwave Chebyshev impedance transformer θ r01 and θ r02 are expressed in (12a) and (12b). For the three-section impedance transformer with the total length equal to K 3,2 ×180
• , the two matching frequencies θ r1 and θ r2 should be modified so that the difference between θ r1 and θ r2 becomes K 3,2 × (θ r01 − θ r02 ). θ r1 and θ r2 can be therefore expressed in (27a) and (27b).
(27b)
The input reflection coefficient of the three-section impedance transformer with two matching frequencies must satisfy the following three conditions: 1. Γ = 0 at the lowside matching frequency θ r1 ; 2. Γ = 0 at the high-side matching frequency θ r2 ; 3. Γ = Γ L when the operation frequency is zero. Assume that the electrical lengths of the 1 st , 2 nd and the 3 rd sections of the three-section impedance transformer are θ 1 , θ 2 , and θ 3 , respectively, with respect to the center frequency. The electrical lengths of the three sections will become k 1 θ 1 , k 1 θ 2 , and k 1 θ 3 at the low-side matching frequency and become k 2 θ 1 , k 2 θ 2 , and k 2 θ 3 at the high-side matching frequency, where k 1 is θ r1 /90 • and k 2 is θ r2 /90 • . The three conditions for the input reflection coefficient of the three-section impedance transformer with two matching frequencies can be expressed by (28a), (28b) and (29):
The value θ 1 + θ 2 + θ 3 in (28a) and (28b) equals the total electrical length of the three-section impedance transformer θ t . (28a) and (28b) can be decomposed to four equations (30a)-(30d) if their real parts and the imaginary parts are separate.
There are totally six equations, including (29) , (30a)-(30d) and the condition that the total length θ t is given, which can be used to determine the seven unknowns Γ 0 − Γ 3 and θ 1 − θ 3 . The fact that the number of unknowns is more than the number of equations implies that there may be more than one solution set for the seven unknowns to satisfy the six equations. If one unknown parameter, for example, θ 3 , is selected as a free design parameter and is given a value, the remaining six unknowns will be uniquely determined. Table 2 lists the resulted input matching bandwidths and the obtained values of θ 1 and θ 2 for the value of θ 3 selected from 20 • to 80 • with a step of 10 • . Some observations can be made from that there exist several solutions for the unknowns to satisfy the above six equations. 2. Different selections of θ 3 lead to approximately the same matching bandwidth. In other words, as long as the locations of the two matching frequencies are defined, the matching bandwidth is almost determined even for different selected values of θ 3 . 3. Among different selections of θ 3 , some solutions are more favorable than the others if the real implementation is considered. For example, if θ 3 is selected to be 20 • and the obtained values of θ 2 and θ 1 are 86 • and 89 • , respectively, the above distribution refers to the very short transmission line length for the third stage of the eight-way power divider and the length about one quarter of the wavelength for the first and the second stages. Such physical dimension is difficult to realize in the circuit layout. To summarize the three observations from Table 2 , it is recommended in the paper that θ 3 can be selected to be around 60 • for easier circuit implementation and these θ 3 selections all result in nearly the same matching bandwidth. The three-section impedance transformer can also be designed to result in only one matching frequency. However, the matching bandwidth will be very narrow and the total length may be too short for implementation. Therefore, only the cases of two and three matching frequencies are discussed in this paper. Fig. 8 plots the matching bandwidths of a three-section impedance transformer with the total electrical length changing from 165 • to 270 • . Curve I refers to the design based on Chebyshev polynomials to achieve three matching frequencies. Curve II refers to the design resulting in two matching frequencies. For the total length falling in the range from 213 • to 270 • , design of the curve I shows larger matching bandwidths, while the total length is smaller than 213 • , design of the curve II corresponds to larger matching bandwidths. Fig. 8 can be used to determine the total length of an eight-way power divider according to the required input matching bandwidth. Table 3 
C. DESIGN OF THE LENGTH-SAVING EIGHT-WAY POWER DIVIDER
The eight-way power divider designed at 1 GHz for a bandwidth larger than 500MHz is simulated. The total electrical length of the eight-way power divider is set to 195 • to achieve the S 11 bandwidth larger than 50% according to the curve II in Fig. 8 . For the conventional two-section Chebyshev impedance transformer matching from Z 0 to 8Z 0 , θ m2 , Γ 0 and Γ 1 are calculated to be 65 • , −0.452 and −0.276, respectively, according to the procedure described in Section III-B-2. The two matching frequencies θ r01 and θ r02 are calculated to be 72.5 • and 107.5 • from (12) . The designed eight-way power divider has the total length of 195 • , implying that K 3,2 = 195 • /180 • = 1.08. Therefore, the two matching frequencies, θ r1 and θ r2 , of the even-even-even mode circuit of the eight-way power divider are 71 • and 109 • , respectively, according to (27) (29) and (30) . Z 01 −Z 03 can be obtained: Z 01 = 60 , Z 02 = 56.7 , Z 03 = 78. 6 . The values of all isolation resistors and matching capacitors are calculated from (19) to (21) and they are: R 1 = 91 , R 2 = 100 , R 3 = 100 , C 1 = 0.45 pF, C 2 = 1.7 pF, and C 3 = 0.6 pF.
The simulated S-parameters of the designed eightway power divider without the isolation networks are plotted in Fig. 9a with the isolation networks are plotted in Fig. 9b . The isolation networks, comprising series inductors and capacitors, are added to the second and the third stages of the eightway power divider. The values of the inductors and capacitors are 7.5 nH and 2.2 pF for the second stage and 5 nH and 3 pF for the third stage. The values of the matching capacitors C 1 , C 2 and C 3 are modified to be 1 pF, 1.6 pF, and 0.75 pF, respectively, due to co-design with the isolation networks. The isolation resistors R 1 − R 3 remain the original values. If we compare Fig. 9b with Fig. 9a , the S 23 bandwidth increases from 240 MHz to 660 MHz, and exceeds the S 11 bandwidth. The bandwidths of S 22 , S 24 and S 26 remain larger than the S 11 bandwidth. The overall operation bandwidth of the proposed eight-way power divider with the isolation networks is 520 MHz, limited by S 11 .
IV. DESIGN OF MULTIWAY POWER DIVIDERS
Section II and III provide the examples of the four-way and eight-way power dividers based on the proposed topology. The topology can be further applied to a multiway power divider with N outputs. A multiway power divider with N outputs is obtained by interconnecting two-way power dividers arranged in M stages, where N = 2 M . The two-way power dividers in the k-th stage (1 ≤ k ≤ M) consist of transmission lines with an electrical length θ k and characteristic impedance Z 0k . The isolation resistors and the matching capacitors in the k-th stage are R k and C k . The procedure of determining the total length of the proposed multiway power divider to meet the bandwidth specification is summarized below:
1) Find the all-even-mode circuit of the multiway power divider. The all-even-mode circuit is an M-section impedance transformer transforming the impedance from Z 0 to N×Z 0 . The k-th transmission line in the impedance transformer has the characteristic impedance 2 M−k × Z 0k and the length of θ k . First, design the M-section impedance transformer to be the quarter-wave Chebyshev stepped-impedance transformer having M matching frequencies. The impedance values of the Chebyshev stepped-impedance transformer can be found by first comparing (4a) or (4b) with (5) to obtain the reflection coefficient Γ k between the (k-1)-th and k-th transmission line section and then calculate the characteristic impedance Z 0k by using (10) . Find the low-side boundary of the matching bandwidth θ mM by using (6) and (7). 2) According to the θ mM obtained in Step 1, find the bandwidth of the Chebyshev impedance transformer with the total length shorter than M×90 • by using (25) . A curve similar to the curve I of Fig. 3 and (19) to (21) can be used to obtain the values of the isolation resistors and the matching capacitors. 7) The isolation networks containing series inductors and capacitors are added to the multiway power divider for further improving the isolation bandwidths. A 32-way power divider based on the above procedure is designed and simulated at 1 GHz for a targeted operation bandwidth of 650 MHz. After performing Step 1 to Step 7, the final results show that the total length of the 32-way power divider should be selected to be 292.5 • , and results in three matching frequencies in S 11 frequency response at 0.7 GHz, 1 GHz and 1. Fig. 10 . The simulations show that the overall operation bandwidth is 670 MHz, ranging from 0.67 to 1.34 GHz, and is equal to S 11 bandwidth. Bandwidths of the output reflection coefficients and the isolation coefficients all cover the range from 0.6 to 1.42 GHz, larger than the S 11 bandwidth. The designed length-saving 32-way power divider provides a sufficient operation bandwidth of 650 MHz and has the total length only 65% of the original length 450 • .
V. IMPLEMENTATION AND MEASUREMENTS
A prototype of the eight-way power divider based on the proposed topology is fabricated on FR-4 substrate with a dielectric constant of 4.5 and thickness of 0.8 mm. The prototype is the same design as the eight-way power divider described in Section III-C with the isolation networks included. The targeted operation bandwidth is 500 MHz. prototype is shown in Fig. 11 . The size of the whole circuit is 10.3 cm × 12.2 cm and the total length counting the signal path from the input to the output of the eight-way power divider is 9.04 cm, around 30% shorter than the conventional size. The prototype was measured on an Agilent E5071C network analyzer. Fig. 12 plots both the measured and simulated S-parameters of the fabricated eight-way power divider. The simulations in Sections II, III and IV are based on ideal models for the purpose of theoretical explanation. The simulations are performed by using Keysight Advanced Design System (ADS). The simulations shown in Fig. 12 are obtained by the electromagnetic simulator Sonnet to more accurately predict the behavior of the real circuit. The measured input reflection coefficient S 11 is below −20 dB at 0.76-1.31 GHz. The measured transmission coefficient S 21 is −9.56 dB at 1 GHz. The intrinsic insertion loss is 0.56 dB, including the 50-extension lines at the input and the outputs. The measured bandwidths of the output reflection coefficient S 22 and output isolation coefficients S 23 , S 24 and S 26 are 0.58 GHz, 0.52 GHz, 0.59 GHz and 1.34 GHz, respectively. Fig. 12c shows the measured magnitude and phase imbalances of the transmission coefficients from Port 1 to Port2-Port9 (S 21 , S 31 , S 41 , . . . S 91 ). The imbalance is measured by taking the difference between each transmission coefficient and the average value. The measured magnitude imbalances are within ±0.15 dB and the measured phase imbalances are within ±1.3 • in the operation bandwidth. The fabricated eight-way power divider has a measured operation bandwidth of 510 MHz, meeting the expected bandwidth requirement. Measurements and simulations match decently. The fabricated eight-way power divider provides a 51% operation bandwidth, a range more than sufficient for most applications and achieves total length saving by around 30%.
VI. CONCLUSION
A conventional multiway Wilkinson power divider obtained by interconnecting several two-way Wilkinson power dividers must have a total length of several quarters of wavelengths. The paper brings up the idea that it is not always necessary to use quarter-wave transmission lines to implement multiway power dividers. A total length of a multiway power divider should be designed according to the desired bandwidth performance. The simulated examples of the four-way, eight-way and 32-way power dividers and the measurement results of the fabricated eight-way power divider all prove the validity of the idea of the paper. The proposed multiway power divider, efficiently converting the total length to the targeted bandwidth performance, can achieve an optimized circuit size, less insertion loss and a fully satisfied operation bandwidth.
